(I) Decomposition often Central Himalayan forest litter species was studied for two years to examine: (i) the temporal changes in nutrient concentration and weight loss and its spatial patterns; and (ii) to develop a regional model oflitter weight loss based on the dual controls of climate and substrate quality.
INTRODUCTION
In forested ecosystems the release of nutrients from litter is an important pathway in nutrient cycling. The dynamics of this process have been investigated by Berg & Staaf (1980 , 1981 , Aber & Melillo (1980 , 1982 , McClaugherty et al. (1985) and many others. Decomposition rates of litter in relation to substrate quality have been studied by Fogel & Cromack (1977) , Heal, Latter & Howson (1978) , Swift, Heal & Anderson (1979) ; climate by Jenny, Gessel & Bingham (1949) , Singh & Gupta (1977) , Meentemeyer (1978) , Rogers (1986) ; and nutrient availability and microbial activity by Singh & Gupta (1977) , Swift, Heal & Anderson (1979) and .
The present work is a part of an integrated study of the structure and function of five forest types of the Central Himalaya (Singh & Singh 1984) . The study is designed to compare litter weight loss patterns and nutrient changes of dominant and subordinate species of plant communities along an altitudinal gradient. Furthermore, a standard leaf litter species is used to determine differences in decay dynamics related to habitat 148 Litter decomposition in Himalayanforests difference. The specific purposes of this study include an examination of the dual ( by climate and litter quality on the dynamics of individual1itter constituents and: rates of litter weight loss. Secondly a preliminary regression model useful for the and climates in the Central Himalayan region is presented. Finally the Himalayan will be compared with recently produced 'global' models of weight loss rates, esp for differences in prediction accuracy.
STUDY SITES
The experimental sites are located in the north western part of the Central Hir (29°07' to 29°26' Nand 79°15' to 79°38'E) and vary from 329 m to 2150 m in altituc following leaf litter species in five forest communities with distinct vegetation aJ were selected: (i) in sal forest, Shorea robusta Gaertn. f. and Mallotus philippensis M ueller Arg.
(ii) in pine-mixed broadleafforest, Lyonia ovalifolia (Wall.) Drude, Q glauco Thunb. and Rhododendron arboreum Smith; (iii) in pine forest, Pinus roxi Sarg.; (iv) in mixed oak-pine forest, Myrica esculenta var. sapida Buch-Ham; anc mixed oak forest, Quercus lanuginosa D. Don and Quercusfloribunda Lindl. In addi these litters, Quercus leucotrichophora A. Camus leaf litter (an inhabitant of pinebroadleaf, mixed oak-pine and mixed oak forests) was placed on the forest floors ( of the five forests. Selected characteristics of stands (i.e. vegetation, soil, rt emperature and altitude) are given in Table 1 ofUpadhyay & Singh (1989) . The a actual evapotranspiration (AET) was calculated for the study sites according method of Thornthwaite & Mather (1957) . It is based on temperature and rainfall rl collected for three years and an assumed soil water holding capacity of 300 mlT assumed capacity is similar to that used in some climatic models of litter weigl (Meentemeyer 1978; Dyer 1986) . Therefore the results of this study will be d comparable with work in other forested ecosystems.
METHODS
Air-dried litter from each species was placed in litter bags in its indigenous vegetatio together with a 'standard' litter of Quercus leucotricophora. Chemical compositio followed for up to two years. Details of the experimental design and analytical me are given in Upadhyay & Singh (1989) .
RESULTS
Initial chemical composition and physical structure For each litter species collected, the initial concentrations of ash, water s( compounds (WSC), potassium, sodium, nitrogen, phosphorus and calcium determined. Of the seven species sampled, Pinus roxburghii and Lyonia ovalifolia hI highest ash content (8.3% and 8'67%), while Shorea robusta had the lowest with (  Table 1) . Nitrogen concentrations ranged from 0.67% (P. roxburghii) to 1.32% (Qt lanuginosa); phosphorus from 0,05% (P. roxburghii) to 0.28% (S. robusta); and ca from 0.51 % (R. roxburghii) to 2.13% (Mallotus philippensis). For every nutrient san the Pinus litter had the lowest concentrations. It is not surprising that a signi correlation exists (r=0'65, P=0.013) between initial Nand P concentrations, as th. mainly symplastic components. Overall, when a litter is rich in several key nutr especially N, it may be rich in many other nutrients as well. Lignin concentration has been shown previously to be a good indicator of weight loss (Fogel & Cromack 1977 Litter weight loss with time
To search for the temporal pattern of weight loss, the natural logarithm of percentage weight remaining was regressed against the time elapsed (days). Anderson (1973a, b) argued that it is reasonable to fit such negative exponential curves between weight losses and time elapsed if one can assume a constant fractional weight loss from the material in the litter bag. The regression parameters for all the species for sites that are significant at P < 0.01 are given in Table 2 as well as the correlation coefficients, which range from 0.70 to 0,99. The intercept values ranged from 0.98 to 4.20, indicating that, although the regression equations are statistically significant, a single fractional decay constant does not adequately describe the temporal pattern of decomposition rates. The initial weight . All significant at P<O.OI.
loss is particularly troublesome because some of the a coefficients indicate weight T=O. It is likely that placement of the bags at the beginning of the rainy season influence on this pattern, Highly labile constituents would be rapidly leached. Ne' less, the relationships are highly significant and the b coefficients probably chara the more long-term fractional weight loss from these species. In conjunction with: percentage of weight loss they can be used to test for differences in the decomp pattern among species. Among the sites, the most rapid losses were observed at the sal forest site (f ollowed by pine-mixed broadleaf (1350 m), mixed oak (2150 m), mixed oa (1850 m) and pine forests (1750 m). Litter of all species disappeared completely 396 days at the sal forest site, and L. ovalifolia and Q. glauca litters at the pinebroadleafforest site. As expected, the rate of weight loss for all species was much lc the second year than in the first. The standard litter material (Q. leucotricho decomposed more slowly in the pine forest site than on other sites (pine-mixed bro; mixed oak-pine and mixed oak). All other species at all forest sites achieved 100% loss between 520 and 669 days, except for P. roxburghii, in which only 92% weig was achieved after 730 days.
Temporal changes in nutrient composition
There was generally an increase in N, P and Na concentrations in the residual Ii all the species, but the magnitude of increase was different among nutrients as 1 species (Figs 1-3 ). The concentration of N increased approximately linearly as a fu of mass loss, whereas increases in P and Na were erratic in some species. Ho continuous increases occurred in most of the species. There was more than a thl increase of N concentration during a decomposition cycle for M. philippens Q. fioribunda. Increase in P concentration in residual matter was higher at sal, pinebroadleaf and mixed oak forest sites. The Na concentration of S. robusta, Q. P . roxburghii and Myrica esculenta increased up to three times the initial concen after 365,304,730 and 578 days of litter placement, respectively. Most of the spec Correlation coefficient (r), intercept (a), and slope (b) values for regressions, y =a+ bx, are given for statistically significant relationships (P<0'05). Litter was exposed until it completely disappeared (365-669 days), except that of Pinus roxburg~ii which was exposed for 730 days, by which time 92% had disappeared. significant inverse relationships between N, P and Na concentration in residual material, and percentage weight remaining. Shorea robusta, Q./anuginosa and Q./eucotrichophora (pine-mixed broadleaf, pine, mixed oak-pine 'and mixed oak forest sites) for P, and M. phi/ippensis and Q. /eucotrichophora (pine forest site) for Na, did not have significant relationships although the trends are in the same direction (Figs 1-3 ). Thus N, P and Na are not lost from the litter so fast as the structural components. The increasing concentration may partly reflect also the nutrient immobilization by the litterdecomposing microbial populations (Upadhyay & Singh 1989) .
The pattern of relative change in K and Ca concentrations (Figs 4 and 5) was distinctly different from those ofN, Pand Na. Evidently K and Ca are actively leached so that the litter residue has a lower concentration than the original litter. An exception to this was P. roxburghii litter where the Ca concentration increased thro~ghout the study period. Percentage of original litter mass remaining (y) expressed as a function ofP concentrati, in residual material (x) for a number of species of forest sites in Central Himalaya, lnd Correlation coefficient (r), intercept (a), and slope (b) values for regressions,y=a+ bx, are giv for statistically significant relationships (P<0.05). Litter was exposed until it completd isappeared (365-669 days), except that of Pinus roxburghii which was exposed for 730 days 1 which time 92% had disappeared.
Pinus roxburghii had the most refractory litter. It might be expected that Na would like K, but in the present study it was more similar to Nand P. Anderson, Prc Vallock (1983) reported that Na was strongly retained compared with N an decomposing mixed leaf litter and Parashorea leaf litter. Reichle (1968) reported t concentration of saprovores was seventeen times higher than that of plant leave heterotrophic demand for Na may lead to microbial immobilization.
Relationships of weight loss with abiotic variables: habitat differences For the litter species placed at each forest site in this study, the sal forest had the] average rate of weight loss (97.5% per year). The pine-mixed broadleaf forest fo closely with a rate of 89.2% per year. The pine forest experienced the lowest me; , and slope (b) values for regressions, y=a+bx, are given for statistically significant relationships (P < 0'05). Litter was exposed until it completely disappeared (365-669 days) except that of Pinus roxburghii which was exposed for 730 days by which time 92 % had disappeared.
(64,2% per year) while the mixed oak-pine forest and mixed oak forest had interme rates of76'1 % and 73.4% per year, respectively. Clearly the pine forest does not folio altitudinal gradient. Furthermore, the lower rates cannot be explained at this scr esol:ution on the basis of unusual soil characteristics, although the pine forest soil have the lowest pH and highest C:N ratio [ Table I ofUpadhyay & Singh (1989) ]. The standard litter (Q. leucotrichophora) was shown previously to have decay (expressed as weight loss per month) which were moderately correlated with mOJ rainfall (r=0'46) (Upadhyay, Pandey & Singh 1985) . A linear combination of mol temperature and precipitation was able to account for 45% of the month-to-m variation in weight loss for this litter. The results of this study, based on all species, sU given for statistically significant relationships (P < 0,05). Litter was exposed until it completely disappeared (365-669 days) except that of Pinus roxburghii which was exposed for 730 days by which time 92% had disappeared.
that monthly rainfall is a more important factor in regulating monthly weight loss on individual sites than is temperature. Monthly rainfall alone accounts for 25-89% of monthly weight loss (Table 3 ). The addition of monthly temperature did not increase the ,z values significantly. Thus, within this region, and within a habitat, seasonality of moisture supply is apparently a more powerful control than the seasonality of temperature. When annual (rather than monthly) values of precipitation and temperature for each forest are regressed against the annual weight loss (all species), a differing pattern emerges. The annual weight loss at a site in this region cannot be predicted usi annual rainfall (r = 0'04) at eacp site in the altitudinal gradient. Annual tempe (again pooled across all species and sites) was, however, significantly and inversely I with the percentage weight remaining: y=80'48-3'52x (r2 = 0,49, P<0'01)
where y = annual weight remaining (%) and x = mean annual temperature (OC). Annual actual evapotranspiration (mm) could account for about 54% of the vari in annual weight loss for the various litters incubated at the five forests: y=71'32-0'085x (r2=0'536, P<O'Ol) where y = annual weight remaining (%) and x = AET in mm year-I. Values of AEl 832, 724, 846 & 731 mm year-l were calculated for the sal, pine-mixed broadleaf mixed oak -pine and mixed oak forest sites, respectively. Of the other atmospher water balance variables, the range in temperature between the coolest and wm onth, potential evapotranspiration (PET) and annual total soil moisture deficit all produced sitt1ple r coefficients lower than that for AET but higher than 0'6p articular region, then, with its own unique climatic regime, several climatic variabl co-vary. They are, therefore, all reasonably well correlated with place-to-place diffe in litter weight loss. Under such conditions altitude is a simple surrogate in< environmental conditions. For these pooled data, weight remaining (y) may be pre by:
y= -5,07+0,016 x (r2=O.49, P<O,Ol) where x is altitude in metres. Thus, altitude is apparently a good indicator compare the climatic variables, especially because there is a greater measurement error f climatic variables than for altitude. Among the climatic variables, AET is the best index of litter decomposition rate for the Central Himalayan region and its forests, altitude may be an equally valid in mean conditions. If, however, great year-to-year variability occurs in the we altitude alone should not be able to index such variability. An additional problem in determining the effect of habitat and abiotic variation exists here because the litters with the lowest lignin concentrations are found in the lower altidude forests. In the lowest forest, the sal forest, the mean lignin concentration is only 10'6%, but in the pine forest, 20.0%. Thus, altitude and its associated climate may be interacting with litter quality; the higher forests have tree species which produce more resistant litters.
Weight loss and litter quality To isolate the effect of initial litter quality on weight loss rates in the first year, all the results from the five sites were pooled. By including the standard litter (Q. leucotrichophora), a data set of fourteen observations could be produced. Table 4 presents correlation coefficients and levels of significance for the relationships between litter luality, and weight loss expressed in percentage per day. Lignin concentration showed the -~trongest correlation (r= -0.80) and, as expected, other cell wall components and fibre were nearly as high. Thus, about 60% of the variability in weight loss can be accounted for using any of the three variables describing some measure of cell wall constituents.
Climate and litter quality models for the Central Himalayan region To identify the relative importance of climate and litter quality on litter decay rates, the pooled data set of fourteen observations of annual weight loss were combined with the climatic data for the five forest types. Multiple regression and interaction analyses were performed on these data using a statistical analysis package (SAS 1985) .
Of all the litter quality variables measured, initial lignin concentration was the best indicator of annual loss rates. Lignin alone accounted for nearly 60% of the variation in the data set. No other litter quality variable was selected by the computer program to contribute significantly to a multiple regression model. The 'best' two variable models combine lignin concentration with AET, or mean annual temperature. The model for AET and lignin is: y=90.0-2'06 (xl)+0.029 (X2) (r2=0'63, P=O.005) (4) wherey is annual weight loss (%) XI is initial lignin content in percentage, and X2 is AET in mm. The model for mean annual temperature is:
y=85'8-1.98 (xl)+1'53 (X2) (,z = 0.64, P=0.005) where y and XI are the same as the above and X2 is mean annual temperature in The best three variable models that could be devised used initial lignin concent mean annual temperature, and an interaction term-the ratio of AET to concentration. This produces an y2 of 0.78, but the regression equation is influenced high correlation of the interacting term with lignin (r=0.89) and with mean t emperature (r=0.78). This regression equation is: y= 117-4'52 (xJ+3.37 (xV-0'39 (X3) where y is annual weight loss, XI is lignin concentration, X2 is mean annual tempe and X3 is AET /lignin. Table 5 presents data on the fourteen litters used in this study. This includ 'standard' litter placed in the five differing habitats. Lignin concentration range 5.85% to 23.4% and measured (actual) weight loss ranges from 51.3% to 100%. Co] shows the weight loss predicted based on the AET and lignin model (eqn 6) prodl this study. Also shown are the absolute differences between the actual and pre values.
The models produced for this study are reasonably good predictors of weight I, particular species as well as variation from habitat to habitat. Of the individuallitte P. roxburghii litter (pine forest) is over-predicted by 24.2%. The largest under-prec (15.6%) occurred for the L. ovalifolia litter (pine-mixed broadleaf forest). OV under-predictions for individual litters occurred at all sites, except the pine forest prediction). Overall, however, the site-to-site variation in weight loss is related to s site variation in litter quality and climate.
DISCUSSION
It has been shown that the labile fractions of litter provide a readily available source of energy for the decomposers; moreover the nutrients are easily leached. Nutrient composition should therefore be most influential in determining the rate of decomposition in the initial stages (Singh & Gupta 1977; Anderson 1973a, b; Melin 1930) . As decomposition progresses, the refractory fractions such as lignin should become more important. Among the nutrients studied here, calcium concentration (r = + 0.64) was the most highly correlated with percentage weight loss. Sodium and WSC were the only other measures found to be statistically significant. Work by Meentemeyer & Berg (1986) in Scandinavia has shown good relationships between weight loss and initial phosphorus concentration, especially in conjunction with abiotic variables. In their study, however, phosphorus concentration ranged from about 0.014 to 0'025%; in this study, P ranges from 0,05% to 0.28% and has an insignificant (r=0'17) relationship with weight loss. Meentemeyer & Berg (1986) also found a significant effect of N concentration in conjunction with actual evapotranspiration on weight loss, although the ,z of this relationship was much lower than the relationship involving P concentration. In the present species, N concentration ranged between 0,56% and 1.32% compared with a range of 0,36-0,85% reported by Meentemeyer & Berg (1986) . Evidently Nand P concentrations in the majority of the present species are not strongly limiting.
We are thus beginning to see a clear pattern in studies which address control by litter quality on weight loss. In places where decomposition rates are low, the earlier stages of decay, which are dominated by nutrients (Berg & Staaf 1980) , are greatly prolonged. Thus, weight loss in the first year may be correlated with nutrient concentration. In places such as the Central Himalayan region, the early, nutrient controlled weight losses are passed so quickly that weight losses in the first year are most strongly correlated with a measure of cell wall material, such as lignin.
Lignin interferes with the enzymatic degradation of cellulose, other carbohydrates, and -~ proteins (Alexander 1977) . Bollen (1953) suggested that the structural complexity of materials containing lignin and cellulose may exert more control over the rate of decomposition than the quantity of N might indicate. Furthermore, if a relatively large amount of exogenous nitrogen is available to the micro-organisms, the initial nitrogen content of the litter may have a reduced influence on decomposition relative to that exerted by lignin (Cromack 1973) . Berg & Staaf (1980) found that in litters with high initial lignin concentrations, the decay phase controlled by nitrogen tends to be shortened. In this study initial nitrogen concentration was not correlated with weight loss rates in the first year. In a study of regional variation in decay dynamics for Scandinavia, Meentemeyer & Berg (1986) found initial N to be moderately well correlated with weight loss. Apparently when weight loss occurs very rapidly, the nutrient-controlled phase is quickly passed; then the slowly degrading materials dominate. Dyer (1986) found several latitudinal patterns in a study of the relationships between weight loss in the first year and climate and litter quality. Her results support our conclusions. In warm temperate and subtropical climates, the cell wall constituents are good predictors of first-year weight loss. In subarctic environments, litters may need to be observed for several years before the long-term decay dynamics can be determined. Thus, to answer the question of nutrient versus cell wall domination of decay rates, one needs to consider the speed at which the decay phases are reached; this depends greatly on climate.
Litter decomposition in Himalayan forests
Several attempts have now been made to produce simple, general models of weight loss which include the dual effects of the abiotic and litter quality vari: (Meentemeyer 1978; Aber & Mellilo 1982; Meentemeyer & Berg 1986; Dyer 1986; R< 1986) . The regression equations produced in this study are directly comparable several earlier attempts, especially the models produced by Dyer (1986) . Dyer (1986) assembled a data set of 105 published observations of litter weight lc the first year. Her sites ranged in climate from arctic to subtropical. Initial Ii concentration and AET were found to be useful indicators, as in this study, seasonality of climate and initial N concentration were also found to be useful. 0 several regression models generated, r2 values rarely exceeded 0.8. This value j 'regional' model is similar to that found by Meentemeyer (1978) (r2 = 0.78). Meenten & Berg (1986) found that some models using Nand P could produce r2 values up to although those of most of their models were in the 0,7 to 0.9 range.
It seems then that the existing models which use macroclimate and litter ql variables are showing an upper limit of variance accounted for at about r2 = 0.8. , this is entirely adequate to predict general regional patterns of weight loss, the di! phases of litter decay dynamics may need to be included in the future to produce \J models. More mechanistic, rather than statistical, models need to be developed for 1 regional scales, and reduction of the errors in measurement of decay dynamics reconstruction of climate are certainly needed. In the coming International Geosp Biosphere Program, climate-based models may provide one means by whic incorporate ecosystem processes into climate change scenarios.
